The EcfG-type sigma factor RpoE2 is the regulator of the general stress response in Sinorhizobium meliloti. RpoE2 activity is negatively regulated by two NepR-type anti-sigma factors (RsiA1/A2), themselves under the control of two anti-anti-sigma factors (RsiB1/B2) belonging to the PhyR family of response regulators. The current model of RpoE2 activation suggests that in response to stress, RsiB1/B2 are activated by phosphorylation of an aspartate residue in their receiver domain. Once activated, RsiB1/B2 become able to interact with the anti-sigma factors and release RpoE2, which can then associate with the RNA polymerase to transcribe its target genes. The purpose of this work was to identify and characterize proteins involved in controlling the phosphorylation status of RsiB1/B2. Using in vivo approaches, we show that the putative histidine kinase encoded by the rsiC gene (SMc01507), located downstream from rpoE2, is able to both positively and negatively regulate the general stress response. In addition, our data suggest that the negative action of RsiC results from inhibition of RsiB1/B2 phosphorylation. From these observations, we propose that RsiC is a bifunctional histidine kinase/phosphatase responsible for RsiB1/B2 phosphorylation or dephosphorylation in the presence or absence of stress, respectively. Two proteins were previously proposed to control PhyR phosphorylation in Caulobacter crescentus and Sphingomonas sp. strain FR1. However, these proteins contain a Pfam: HisKA_2 domain of dimerization and histidine phosphotransfer, whereas S. meliloti RsiC harbors a Pfam:HWE_HK domain instead. Therefore, this is the first report of an HWE_HK-containing protein controlling the general stress response in Alphaproteobacteria.
B
acteria naturally live in constantly changing environments, where they are exposed to many stressful conditions, including nutrient limitation and biotic or abiotic stresses. The capacity to sense and adapt to these stresses is essential for the survival of the bacteria, which have evolved various types of stress responses. A number of these responses function by eliminating the inducing stress and/or repairing the associated cell damage. In parallel to these stress-specific responses, a so-called general stress response is activated under numerous different stress conditions and confers multiple stress resistances to the bacteria.
It has been known for a long time that sigma factors play a central role in the control of the general stress response of both Gram-positive and Gram-negative bacteria. In Bacillus subtilis and other firmicutes, this response is controlled by B (1, 2), whereas in Escherichia coli and related Gammaproteobacteria, as well as in several Beta-and Deltaproteobacteria, it is controlled by S (3, 4) . However, in the alphaproteobacterial group, the prominent role of extracytoplasmic-function sigma factors was uncovered recently with the finding that RpoE2 controls a general stress response in Sinorhizobium meliloti, the nitrogen-fixing symbiont of alfalfa (5) . RpoE2 is activated under a number of stress and starvation conditions and controls the transcription of Ͼ100 genes, including several involved in stress resistance (5) (6) (7) (8) (9) (10) . Accordingly, rpoE2 mutants have been found to be more sensitive than the wild-type strain to desiccation and osmotic stress, as well as heat and oxidative stress in the stationary phase (6) (7) (8) 11 ). RpoE2 orthologues, collectively called EcfG or ECF15 sigma factors (12) , are widely distributed among Alphaproteobacteria, and several of them have been described as activated under stress or starvation conditions and to play various roles in stress resistance and/or host colonization (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) .
The mechanisms of activation of EcfG sigma factors in response to stress have been studied in several bacteria, including Methylobacterium extorquens, Bradyrhizobium japonicum, S. meliloti, Caulobacter crescentus, Sphingomonas sp. strain Fr1, Brucella abortus, and Bartonella quintana (15, 16, 18, 19, 21, (23) (24) (25) (26) (27) . These mechanisms appear to be conserved, with some species-specific variations, and the current common model can be summarized as follows ( Fig. 1A) : under nonstress conditions, the sigma factor is kept inactive by interaction with one or several anti-sigma factors (called RsiA or NepR); following stress exposure, one or several anti-anti-sigma factors (called RsiB or PhyR) become activated, thereby enabling the interaction with the anti-sigma factor(s) and relieving sigma factor inhibition.
Interestingly, the RsiB/PhyR anti-anti-sigma factors behave as response regulators of two-component regulatory systems, as they are activated by phosphorylation of the aspartate residue in a conserved phospho-receiver domain. This suggests that one or several histidine kinases are involved in their phosphorylation in re-sponse to stress. However, much less is understood about this step of the model. It was noted early on that putative histidine kinaseencoding genes are located in the sigma factor-encoding genomic regions of most alphaproteobacterial species (19) , suggesting that the corresponding enzymes (here referred to as cis-encoded kinases) are involved in stress perception, autophosphorylation, and phosphotransfer to RsiB/PhyR response regulators. These cisencoded histidine kinases are atypical in that they do not contain the usual domain of dimerization and histidine phosphotransfer found in classical histidine kinases (Pfam:HisKA) but instead harbor either a Pfam:HWE_HK or, less frequently (33%), a Pfam: HisKA_2 domain (here referred to as H W -or H K -type kinases, respectively) (28) . Two studies have reported on the involvement of such cis-encoded kinases in the general stress response of Alphaproteobacteria. In the first study, the PhyK kinase of C. crescentus has been shown to be essential in vivo for PhyR phosphorylation and activation of SigT in response to stress (24) . In a second study, PhyP of Sphingomonas sp. strain Fr1 has been suggested to act not as a kinase but solely as a phosphatase to dephosphorylate PhyR under nonstress conditions (18) , the origin of the phosphate being unknown in this case. Both C. crescentus PhyK and Sphingomonas PhyP belong to the H K type, and there is no report to date on the role(s) played by cis-encoded kinases of the H W type in the general stress response of Alphaproteobacteria in spite of their more widespread occurrence (28) .
In S. meliloti, a putative cytoplasmic H W -type histidine kinase, which we called RsiC, is encoded by SMc01507, located just downstream from rpoE2 (Fig. 1B) . In this paper, we investigate the function of this protein in the general stress response of S. meliloti and report in vivo data which strongly suggest that it acts as a bifunctional kinase/phosphatase to control the anti-anti-sigma factor phosphorylation status and, as a result, the RpoE2-dependent general stress response.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The strains used in this study are listed in Table 1 . Escherichia coli strains were grown in Luria-Bertani (LB) medium at 37°C. S. meliloti strains were grown at 28°C, either in LB medium supplemented with 2.5 mM CaCl 2 and 2.5 mM MgCl 2 (LBMC; used for strain constructions and precultures), in TY medium supplemented with 6 mM CaCl 2 4 Cl (VMMS medium), 10 mM galactose and 10 mM sodium aspartate (VMMGAS medium), or 55 mM mannitol and 18.7 mM NH 4 Cl (VMMM medium). When required, antibiotics were added at the following final concentrations: 100 to 300 g ml Ϫ1 streptomycin (Sm), 10 g ml Ϫ1 tetracycline (Tet), 40 g ml Ϫ1 gentamicin (Gm), 50 to 100 g ml Ϫ1 trimethoprim (Tmp), 40 g ml Ϫ1 hygromycin (Hyg), or 50 g ml Ϫ1 carbenicillin (Cb). Stress sensitivity assays. To test salt sensitivity, cells grown overnight to saturation in LBMC supplemented with Sm were collected and washed in VMMGAS before being diluted to an optical density at 600 nm (OD 600 ) of 0.025 in VMMGAS with or without 0.5 M NaCl, and growth was monitored by measuring the OD 600 .
To test desiccation sensitivity, precultures saturated overnight in LBMC supplemented with Sm were diluted to an OD 600 of 0.1 in VMMM and grown to saturation for 24 h. The cultures were then 10-fold serially diluted in VMM salts, and 5-l aliquots of dilutions were spotted on wet sterile nitrocellulose membranes put on the surface of VMMM agar plates. After spot evaporation, membranes were removed under sterile conditions and allowed to dry in the dark at room temperature in a closed jar (ϳ2 liters) maintained at ϳ23% relative humidity by the presence of an oversaturated solution of potassium acetate (100 ml). At time intervals, membranes were removed from the jar, put on the surface of TYC plates supplemented with Sm, and incubated at 28°C to allow surviving bacteria to form colonies. Strain and plasmid constructions. All plasmid constructions were performed in E. coli DH5␣. The absence of mutations in all constructs was checked by DNA sequencing. Open reading frames (ORFs) or ORF-flanking DNA fragments were amplified by PCR using S. meliloti Rm1021 genomic DNA as the template and the oligonucleotides listed in Table S1 in the supplemental material as primers and then were cloned into pGEM-T.
pMLBAD-rsiC was constructed by subcloning in pMLBAD an EcoRI/ XmaI fragment from pGEMT-rsiC. To construct pMLBAD-rsiC-H318K, two internal rsiC fragments flanking the mutation were generated by PCR using OCB1035-OCB1031 and OCB1032-OCB985, the overlapping OCB1031 and OCB1032 primers generating the CAC¡AAA mutation and an MluI site. These fragments were separately cloned into pGEM-T and then subsequently juxtaposed as NcoI-MluI and MluI-AhdI fragments into NcoI-AhdI-digested pMLBAD-rsiC. To construct pMLBADrsiB2-D191A, a PCR fragment containing the 5= coding region of rsiB2 was generated using OCB684 and OCB938 (which generates the GAT¡GCT mutation), cloned into pGEM-T, and juxtaposed as an EcoRI-PvuII fragment to the PvuII-XmaI fragment from pMLBAD-rsiB2 into EcoRI-XmaI-cut pMLBAD. pMLBAD-rsiB1-strep was derived from a plasmid designed to express the strep-tagged C-terminal part of RsiC, obtained by cloning in pMLBAD an OCB984-OCB985 PCR fragment cut by EcoRI-XbaI. The rsiC sequence of this plasmid was exchanged with the coding sequence of rsiB1, cloned as an EcoRI-XmaI digest of a PCR fragment generated using OCB668-OCB986.
Gene deletions were performed using pJQ200mp19 derivatives containing ϳ400-to 500-bp regions flanking the gene to be deleted (rsiC, SMc00322, SMa1001, or SMa2063). The flanking regions individually cloned into pGEM-T were subsequently juxtaposed as BamHI-SpeI and SpeI-SacI fragments into BamHI-SacI-cut pJQ200mp19 (⌬rsiC), as XhoI-BamHI and BamHI-SacI fragments into XhoI-SacI-digested pJQ200mp19 (⌬SMa1001), and as SalI-BamHI and BamHI-SacI fragments into SalI-SacI-digested pJQ200mp19 (⌬SMc00322 and ⌬SMa2063).
Plasmids, either integrative or replicative, were introduced in S. meliloti by triparental mating (29) using pRK2013 as a helper plasmid with subsequent selection for antibiotic resistance. For the construction of de- letion mutants, single-crossover genomic integration of the corresponding pJQ200 derivatives was generated by selecting for Gm resistance. The resulting strains were then propagated in the absence of antibiotic, and cells having lost the plasmid by a second recombination event were selected by plating on LBMC supplemented with 5% sucrose (Suc). Suc r Gm s colonies were screened by PCR analysis using as primers OCB516-OCB714, OCB962-OCB963, OCB857-OCB858, or OCB859-OCB860 for deletion of rsiC, SMc00322, SMa1001, or SMa2063, respectively.
rsiC single-deletion mutants were constructed in both Rm1021 and Rm2011 backgrounds. Double kinase mutants were constructed either by introducing the rsiC deletion in each of the four kinase mutants (SMa0113, SMa1696, SMb20515, and SMb20933) already available as Tn5 insertions in the Rm2011 background or by introducing the SMa1001, SMa2063, or SMc00322 deletion into the ⌬rsiC mutant in the Rm1021 background.
Measurement of RpoE2 activity. To measure RpoE2 activity in S. meliloti, the following procedure generally was used. Five to 10 ml overnight precultures of strains carrying the reporter plasmid pMP220-885 were diluted to an OD 600 of 0.1 in 5 ml of fresh VMMS and grown for ϳ6 to 8 h. Cultures were then diluted once more in 20 to 25 ml in order to reach an OD 600 of ϳ0.1 to 0.2 the day after. After overnight growth, cultures were divided into two flasks; one was kept at 28°C, and the other was shifted to 40°C. After 1 h, 100 l of each culture was collected, frozen in liquid nitrogen, and stored at Ϫ20°C. The culture at 28°C was allowed to reach the stationary phase and kept for 48 h before 100 l of culture was collected (stationary-phase samples). For the experiments described in Fig. 4 , arabinose was first added to the overnight culture at a final concentration of 2%, and cultures were allowed to grow for 2 h before being divided in two halves as described above. ␤-Galactosidase assays were performed on the thawed samples as described previously (30) . Measurements were performed on at least three independent experiments. Statistical analyses were performed using GraphPad Prism software v5.03 for Windows.
RsiB1 phosphorylation in vivo. Strains carrying pMP220-885 (a plasmid belonging to the IncP incompatibility group) and either pMLBADrsiB1-strep or the empty vector pMLBAD (which do not belong to the IncP group [31] ) were grown overnight in LBMC medium. Cells were diluted to an OD 600 of 0.1 in 5 ml of fresh VMMS and grown for ϳ6 to 8 h. Cultures were diluted once more in 50 ml of the same medium in order to reach an OD 600 of ϳ0.3 the day after and then were treated with 2% arabinose in order to induce overexpression of rsiB1-strep. After 2 h, the cultures were divided into two flasks; one was kept at 28°C, and the other was shifted to 40°C. After 5, 30, and 60 min of incubation, 1.5-ml aliquots (Ն0.4 OD 600 units) were collected by centrifugation and frozen in liquid nitrogen. Cells subsequently were thawed and lysed at 4°C in BugBuster master mix (80 l for 1 OD 600 unit; Novagen) containing antiproteases (Complete, Mini, EDTA-free; Roche) and antiphosphatases (5 mM NaF, 1 mM Na 3 VO 4 ). Lysates were centrifuged (20 min at 20,000 ϫ g), and supernatants were loaded without heat denaturation (unless otherwise indicated) on 12% SDS-polyacrylamide gels left unsupplemented or supplemented with 25 M Phos-tag acrylamide (NARD Chemicals, Hiroshima, Japan) and 50 M MnCl 2 and electrophoresed at 4°C. After separation, proteins were transferred onto a Protran BA85 nitrocellulose membrane (GE Healthcare Life Sciences, Germany), and the strep-tagged RsiB1 protein was detected using Strep-Tactin AP conjugate (IBA GmbH, Gottingen, Germany).
RESULTS
RsiC (SMc01507) acts as a negative regulator of RpoE2. SMc01507, located just downstream from rpoE2 on the S. meliloti chromosome (Fig. 1B) , encodes a putative H W -type histidine kinase that we named RsiC. To know whether RsiC is involved in the RpoE2 transduction cascade, we constructed an rsiC deletion mutant and tested RpoE2 activation in this strain under stress conditions, using as a reporter the RpoE2-dependent P SMc00885 -lacZ transcriptional fusion (23) . The expression of the fusion was clearly inducible in the ⌬rsiC background, either following a heat shock or in stationary phase, two RpoE2-activating conditions ( Fig. 2A) (5, 23) . Equivalent results were obtained using two additional RpoE2-dependent lacZ fusions (to the rsiA1 and rsiB1 promoters; not shown), indicating that the observations apply to the whole RpoE2 regulon. Similar observations were also made in a ⌬rsiC mutant constructed in a different genetic background (Rm2011; see Fig. S1A and B in the supplemental material). To confirm that the RpoE2-dependent general stress response is still functionally active in the ⌬rsiC mutant, we tested its stress resistance phenotypes compared to those of the wild-type and rpoE2 strains. As previously described (7), the rpoE2 mutant was sensitive to osmotic stress, as it grew more slowly than the wild-type strain in the presence of 0.5 M NaCl (Fig. 3A) . The double ⌬rsiB1 on plasmid pMP220-885, used as a reporter of RpoE2 activity, was measured in the S. meliloti strains Rm1021 (WT), CBT785 (⌬rsiC), CBT1051 (⌬rsiC ⌬rsiB1 ⌬rsiB2), CBT1169 (⌬rsiC ⌬SMc00322), and CBT1129 (⌬SMc00322) (A) or in the strains Rm1021 (WT) and CBT785 (⌬rsiC) containing the empty vector pMLBAD or the pMLBAD derivative expressing rsiC (B) as indicated below the graphs. ␤-Galactosidase activity was measured on aliquots of cultures grown to exponential phase at 28°C (expo; white bars), after 1 h at 40°C (black bars), or after growth for 48 h in stationary phase (stat; gray bars). ␤-Galactosidase activities are means and standard errors from at least three independent experiments. Statistical analyses were performed on log-transformed data using a one-way analysis of variance (P Ͻ 0.0001). The Bonferroni posttest was used to compare each of the mutant strains to the WT grown under the same culture conditions (*, P Ͻ 0.05; ***, P Ͻ 0.001).
⌬rsiB2 mutant displayed a similar phenotype (Fig. 3A) , which confirms that the RpoE2 response is also completely abolished in this strain, as previously proposed (23) . In contrast, growth of the ⌬rsiC mutant was unaffected compared to that of the wild-type strain (Fig. 3A) . Similarly, the rpoE2 mutant was more sensitive than the wild-type strain to desiccation stress, as previously described (11), whereas the ⌬rsiC mutant was as resistant as the wild-type strain (Fig. 3B) . Taken together, these expression data and phenotypic analyses indicate that RsiC is not essential for RpoE2 activation under the conditions tested.
However, two lines of evidence indicated that RsiC plays a role in the regulation of RpoE2 activity. First, the basal expression level of the P SMc00885 -lacZ fusion was slightly but reproducibly higher in ⌬rsiC mutants than in isogenic wild-type strains ( Fig. 2A and B ; also see Fig. S1A and B in the supplemental material). Second, even though the expression of the P SMc00885 -lacZ fusion was upregulated in stationary phase in both the wild-type and the ⌬rsiC mutant strains, it reached a 2-fold or higher level in the mutant than in the wild-type cells ( Fig. 2A and B ; also see Fig. S1B ). Both basal and stationary-phase expression could be restored to wildtype levels by complementing with an rsiC-expressing plasmid (Fig. 2B) , showing that the observed effects were indeed due to the loss of RsiC. Therefore, we conclude from these observations that although not essential for activating the RpoE2 response, RsiC can act as a negative regulator of RpoE2 activity.
RsiC negatively regulates RpoE2 by decreasing RsiB1/B2 phosphorylation in vivo.
To explain the negative regulation of RpoE2 by RsiC, the simplest hypothesis is to assume that, like many histidine kinases, RsiC displays a phosphatase activity. To test whether RsiC acts as a phosphatase on the RsiB1 (SMc01504) and RsiB2 (SMc00794) response regulators, we intended to perform in vitro activity tests of RsiC. However, despite several attempts and although RsiC was predicted not to contain any transmembrane domains, we were unable to purify either the fulllength RsiC protein or the isolated C-terminal catalytic domain in soluble forms from either E. coli or S. meliloti strains overproducing various tagged versions of these proteins (data not shown).
Therefore, we conducted several in vivo approaches. First, in a ⌬rsiB1 ⌬rsiB2 background, the rsiC deletion did not lead to increased RpoE2 activity under either nonstress or stress conditions ( Fig. 2A and 4) . This confirms that the RpoE2 activation described above for the rsiC mutant (either basal or in stationary phase) was dependent on the known RpoE2 transduction cascade and suggests that RsiC exerts its negative effects upstream from RsiB1/B2. Complementation with rsiB1-or rsiB2-overexpressing plasmids led to a strong activation of RpoE2, even in the absence of stress, whereas the effect of this overexpression was much less pronounced in the RsiC-proficient background (Fig. 4) (23) . In contrast, almost no effect was observed upon overexpression of mutated versions of rsiB1 and rsiB2, which encode proteins whose phosphorylatable aspartate residue has been converted to an alanine (D191A) (Fig. 4) . Therefore, these results support the hypothesis that RsiC inhibits RsiB1 and RsiB2 by preventing their phosphorylation.
To get direct evidence that the phosphorylation status of the response regulators is modulated by RsiC, we assessed the level of phosphorylated RsiB1 in vivo in either wild-type or ⌬rsiC mutant backgrounds. Experiments were performed in ⌬rsiB1 ⌬rsiB2 cells complemented with a plasmid-encoded strep-tagged RsiB1 protein. The strains also contained the P SMc00885 -lacZ transcriptional fusion to assess RpoE2 activity in parallel. To detect phosphorylated RsiB1, soluble protein extracts from cells grown at 28°C or 40°C were separated by either normal or Phos-tag SDS-PAGE (32) and transferred to a membrane, and RsiB1 was detected using the Streptactin-AP conjugate. As expected, no RsiB1ϳP was detected in RsiC-proficient cells in the absence of stress (Fig. 5A) , which is consistent with the low RpoE2 activity (Fig. 5B) . In contrast, incubation at 40°C led to RpoE2 activation (Fig. 5B) , and a retarded band corresponding to RsiB1ϳP became clearly visible in the Phos-tag gel as soon as 5 min after the temperature shift (Fig. 5A) . Therefore, this experiment confirms that RsiB1 is phosphorylated under stress conditions (23) . In the ⌬rsiC background, RsiB1ϳP was already visible in unstressed conditions (Fig. 5C ), in agreement with the already-high RpoE2 activity (Fig. 5D) , and its level increased at 40°C to reach values higher than those in the RsiCproficient background (Fig. 5C) . Therefore, these data confirm that RsiC is not essential for RsiB1 phosphorylation. More importantly, they suggest that RsiC, directly or indirectly, inhibits RsiB1 phosphorylation in the absence of stress and limits RsiB1 phosphorylation under heat stress conditions. Altogether, these results show that RsiC negatively regulates the general stress response by inhibiting the phosphorylation of RsiB1/2, suggesting that it acts as a phosphatase on the response regulators.
At least two H W kinases, RsiC and SMc00322, positively regulate RpoE2. Although the results presented above strongly sug- Strains Rm1021 (WT), CBT208 (rpoE2::hph), CBT430 (⌬rsiB1 ⌬rsiB2), CBT785 (⌬rsiC), and CBT1169 (⌬rsiC ⌬SMc00322) were grown overnight to saturation in rich medium (LBMC), washed in the minimal medium VMMGAS, and then diluted to an OD 600 of 0.025 in VMMGAS supplemented with 0.5 M NaCl. The growth was monitored by measuring the OD 600 over several days. Results shown are means and standard errors from at least three independent experiments (error bars are not visible in most cases because of weak variations). All five strains grew at similar rates in the absence of NaCl (not shown). (B) Strains Rm1021 (WT), CBT208 (rpoE2::hph), and CBT785 (⌬rsiC) were grown overnight to saturation in minimal medium (VMMM), and 10-fold serial dilutions were spotted on wet nitrocellulose membranes (from left to right, starting from 10
Ϫ3
) and allowed to dry at room temperature under 23% relative humidity (see Materials and Methods). Either before (control) or after 33 days of desiccation, the membranes were put on rich medium plates and surviving bacteria were allowed to form colonies at 28°C for at least 3 days. The experiment was performed twice independently with equivalent results.
gested that RsiC could act as a phosphatase on RsiB1/B2, it was not possible to draw conclusions about the implication of RsiC in the phosphorylation of the response regulators. Moreover, the results suggested that one or several other unknown histidine kinases were involved, at least in the absence of RsiC, in activating the cascade under heat stress or upon entry into stationary phase.
In addition to RsiC, seven putative H W histidine kinases are encoded by the S. meliloti genome (SMa0113, SMa1001, SMa1696, SMa2063, SMb20515, SMb20933, and SMc00322) (28, 33, 34) . In order to test whether one of these proteins is involved in RpoE2 activation in the absence of RsiC, seven double mutant strains were constructed (see Materials and Methods). RpoE2 activation was then estimated following heat shock or in stationary phase using the P SMc00885 -lacZ fusion in these strains. RpoE2 could still be activated in each of these double mutants except in the ⌬rsiC ⌬SMc00322 strain, where it was no longer activated at 40°C and was much less active in stationary phase than in the single rsiC mutant ( Fig. 2A ; also see Fig. S1 in the supplemental material). This suggested that SMc00322 is involved in RpoE2 activation in the ⌬rsiC background. Nevertheless, we do not exclude the possible involvement of the other H W kinases, as some of the mutations are Tn5 insertions rather than deletions and may only alter regulatory activity rather than knocking out activity. In addition, these mutations were tested in the Rm2011 background only (see Fig. S1 ).
However, in spite of the strong reduction of RpoE2 activity in the ⌬rsiC ⌬SMc00322 double mutant, RpoE2 activation was found to not be significantly affected in the single ⌬SMc00322 mutant in comparison to the wild-type strain (Fig. 2A) . This finding indicated that RsiC can also act as a positive regulator of RpoE2 activity. Indeed, complementation of the ⌬rsiC ⌬SMc00322 double mutant strain with a plasmid expressing rsiC partially restored the capacity to activate RpoE2 by a heat stress (Fig. 6) . In contrast, no complementation was observed with a mutant version of RsiC whose predicted catalytic histidine residue has been converted to a lysine (H318K) (Fig. 6 ). This suggested that RsiC acts as a histidine kinase to activate RpoE2, most likely by phosphorylating RsiB1/B2.
Nevertheless, a significant RpoE2 activity was still visible in the double ⌬rsiC ⌬SMc00322 mutant in stationary phase ( Fig. 2A) , showing that the RpoE2 response was not completely abolished in this strain. This was confirmed by showing that the ⌬rsiC ⌬SMc00322 mutant was as resistant to osmotic stress as the wildtype strain (Fig. 3A) . We assume that phosphorylation of RsiB1/B2 in this strain is achieved by other, unknown histidine kinases or by alternative phosphodonors.
DISCUSSION
The activity of the EcfG sigma factor RpoE2, the regulator of the general stress response in S. meliloti, is controlled by the two antisigma factors RsiA1 (SMc01505) and RsiA2 (SMc04884), themselves under the control of the two anti-anti-sigma factors, RsiB1 (SMc01504) and RsiB2 (SMc00794), belonging to the PhyR family of response regulators (5, 23) . In response to stress, RsiB1 and RsiB2 are activated via phosphorylation of an aspartate residue in their receiver domain. The objective of this work was to characterize proteins involved in the control of the RsiB1/B2 phosphorylation status.
Putative histidine kinases are often encoded in the same locus as EcfG sigma factors in Alphaproteobacteria (19) . These proteins are unusual because their putative dimerization and histidine phosphotransfer domain is not a Pfam:HisKA domain, as in classical histidine kinases, but instead either a Pfam:HWE_HK or, less frequently, a Pfam:HisKA_2 domain (28) (referred to as H W -or
FIG 4
RsiC negatively controls both RsiB1 and RsiB2. The transcription level of the P SMc00885 -lacZ fusion carried on plasmid pMP220-885, used as a reporter of RpoE2 activity, was measured in the S. meliloti strain CBT430 (⌬rsiB1 ⌬rsiB2) or CBT1051 (⌬rsiB1 ⌬rsiB2 ⌬rsiC) containing either the empty vector pMLBAD or pMLBAD derivatives expressing either rsiB1 or rsiB2 or mutated forms thereof (D191A), as indicated below the graphs. ␤-Galactosidase activity was measured on aliquots of cultures grown to exponential phase before (0 h; white bars) and after incubation for 2 h in the presence of 2% arabinose (2 h ara; pale gray bars) and after a further 1 h of incubation at either 28°C (medium gray bars) or 40°C (black bars), as described in Materials and Methods. ␤-Galactosidase activities are means and standard errors from at least three independent experiments. H K -type kinases, respectively). Two H K -type proteins were previously found to be involved in EcfG control, namely, PhyK in C. crescentus and PhyP in Sphingomonas sp. strain FR1 (18, 24, 35, 36) , but nothing was known about kinases of the H W type. In S. meliloti, a putative H W -type kinase is encoded by the rsiC gene (SMc01507) located downstream from rpoE2. We found that RsiC plays both positive and negative regulatory roles on RpoE2 activity in vivo. Therefore, this is the first demonstration that H W -type kinases encoded at the ecfG loci can be implicated in the control of the general stress response of Alphaproteobacteria.
As we were not able to purify the protein to test its autokinase and phosphotransfer activities in vitro, we could not prove that RsiC specifically acts as a kinase on the RsiB1/B2 response regulators. Such evidence is also lacking for PhyK, the presumed histidine kinase of PhyR in C. crescentus (24) . Nevertheless, we obtained in vivo indications that RsiC acts upstream from RsiB1 and RsiB2 in the cascade and exerts its negative effects through dephosphorylation of the response regulators. As many histidine kinases display both kinase and phosphatase activities on their cognate response regulators (37), we assume that RsiC is the cognate histidine kinase/phosphatase of RsiB1/2. In C. crescentus, whether or not a phosphatase activity is associated with the PhyK kinase has not been tested yet (24, 35) . In contrast, in Sphingomonas sp. strain FR1, it has been suggested that PhyP acts only as a phosphatase on PhyR, with the mechanism of phosphorylation unknown (18) . To the best of our knowledge, S. meliloti is the first
FIG 6
RsiC positively controls RpoE2 activity. The transcription level of the P SMc00885 -lacZ fusion carried on plasmid pMP220-885 was measured in the S. meliloti strain CBT1169 (⌬rsiC ⌬SMc00322) containing the empty vector pM-LBAD or the pMLBAD derivatives expressing rsiC or a mutated version thereof (H318K), as indicated below the graph. Results obtained with the Rm1021 strain (WT) carrying the empty vector are included as a control. ␤-Galactosidase activity was measured on aliquots of cultures grown to exponential phase at 28°C (white bars) or 40°C (black bars). ␤-Galactosidase activities are means and standard errors from at least three independent experiments. Statistical analyses were performed on log-transformed data using a one-way analysis of variance (P Ͻ 0.0001). The Bonferroni posttest was used to compare each strain to the ⌬rsiC ⌬SMc00322 strain carrying the empty vector grown under identical culture conditions (*, P Ͻ 0.05; ***, P Ͻ 0.001).
FIG 5 RsiC inhibits RsiB1 phosphorylation in vivo.
(A and C) The level of RsiB1 phosphorylation was quantified in vivo in S. meliloti strain CBT430 (⌬rsiB1 ⌬rsiB2) or CBT1051 (⌬rsiC ⌬rsiB1 ⌬rsiB2) containing either the pMLBAD derivative expressing rsiB1-strep or the empty vector pMLBAD. Cells were grown to exponential phase in VMMS, treated for 2 h with 2% arabinose to induce rsiB1-strep overexpression, and incubated at either 28°C or 40°C. Aliquots of the cultures were collected after 5, 30, and 60 min of incubation. Equivalent amounts of soluble proteins were loaded on SDS-polyacrylamide gels left unsupplemented (bottom) or supplemented (top) with 25 M Phos-tag and 50 M MnCl 2 . All samples were loaded on both gels without heat denaturation, except in the last well (noted with an asterisk), where the indicated sample was preheated for 10 min at 95°C. After electrophoresis at 4°C, proteins were transferred onto nitrocellulose membranes and RsiB1 was detected using Streptactin-AP conjugate. That the retarded band corresponds to the phosphorylated form of RsiB1 (RsiB1ϳP) is shown by its specific presence on the Phos-tag gel (32) and its absence when proteins are preheated before loading (*), consistent with the known heat lability of aspartyl-phosphate bonds (32, 45) . X corresponds to a protein cross-reacting with the Streptactin-AP conjugate, as attested by its presence in the empty vector-containing strains. (B and D) As the strains also contained the reporter plasmid pMP220-885, RpoE2 activity was assessed by measuring ␤-galactosidase activity. The entire experiment was performed twice independently with equivalent results. alphaproteobacterial species in which the ecfG cis-encoded histidine kinase is suggested to be bifunctional, with both kinase and phosphatase activities toward PhyR-type response regulators. Of course, direct in vitro demonstration would be required to confirm this model.
In the absence of RsiC, the basal level of RpoE2 activity was found to be higher than that in wild-type cells. In addition, RpoE2 could still be activated by stress, a persistent activity partly dependent on SMc00322, another (orphan) H W -type histidine kinase. Nevertheless, even in the double rsiC SMc00322 mutant, RpoE2 was still activated at a level that was low but sufficient enough to make the cells resistant to osmotic stress. Therefore, we assume that additional systems, either histidine kinases or small phosphodonors (like acetyl phosphate) (38) , are able to phosphorylate RsiB1/B2. In this respect, S. meliloti is very different from C. crescentus, in which the absence of the PhyK histidine kinase leads to complete inactivity of SigT (24, 35) . Another kinase, LovK, could complement the absence of PhyK only when it was overexpressed and even better when its cognate regulator, LovR, was absent (35) . However, we believe that RsiC is normally the main or unique contributor to RsiB1/B2 phosphorylation in a wild-type S. meliloti background, since RpoE2 activation was not significantly affected in SMc00322 mutants under stress conditions (Fig. 2) . Therefore, we assume that RsiC, through its phosphatase activity, prevents undesired, nonspecific phosphorylation of RsiB1/B2 (cross talk), as previously proposed for other bifunctional kinases (36, 39) . Interestingly, in Erythrobacter litoralis, two H W -type kinases (EL368 and EL346) were recently shown to phosphorylate PhyR in vitro (40) , but their contribution to EcfG activity in vivo has not been tested so far, particularly in the presence of the cis-encoded H W -type kinase (ELI10220). In Mesorhizobium loti, yeast two-hybrid screening revealed that the putative RsiB/PhyR ortholog mlr3700 was able to interact with the H W -type kinase mlr9680 (41) , but the phosphorylation of mlr3700 was not investigated. These observations suggest the existence of cross talk in other Alphaproteobacteria.
In addition to its protective role against physiologically irrelevant cross talk, the negative regulatory action of RsiC may serve a negative feedback regulatory role to reset the response once the stress is gone. In Sphingomonas sp. strain FR1, such a function was proposed to be carried out by the putative PhyP phosphatase, as the phyP deletion was found to be lethal, supposedly because of overactivation of EcfG (18) . In C. crescentus, it has been suggested that LovK can act as a phosphatase toward PhyR when its cognate response regulator LovR is overexpressed, which led the authors to propose that LovK plays a negative regulatory role similar to that of PhyP in Sphingomonas (35) . However, we succeeded in deleting rsiC in S. meliloti, while constitutive activation of RpoE2 is known to be lethal (5) . This indicates that additional systems, including the anti-sigma factors RsiA1/A2 (5, 23) , and possibly additional phosphatase activities or protease activities, as recently shown in B. abortus (15) , are acting to limit RpoE2 overactivation. In addition, if RsiC were acting as a negative feedback regulator, we would expect rsiC expression to be under RpoE2 control, since in Sphingomonas sp. strain FR1 phyP expression is under EcfG control (18) , while in C. crescentus, lovK (and not phyK) expression is under SigT control (35) . However, rsiC transcription is RpoE2 independent (5, 9, 10, and unpublished data) and was recently found to be controlled by the heat shock sigma factor RpoH1 (42) . Nevertheless, the RpoE2 response was found not to be affected in an rpoH1 mutant at either high temperature (42) or acidic pH (43) , which is consistent with the data obtained in the present paper with rsiC mutants.
Apart from histidine kinases/phosphatases, which play a direct role in regulating the phosphorylation status of RsiB1/RsiB2, other actors may indirectly contribute to this regulation. Thus, in C. crescentus and M. extorquens, mutation of a single-domain response regulator unrelated to the EcfG system (LovR and Mext_0407, respectively) resulted in up-or downregulation of the EcfG response, respectively (35, 44) . Even though the biological relevance of these findings is not always clear, we cannot rule out that such additional levels of regulation also exist in S. meliloti.
Although several histidine kinases and/or phosphatases now have been proposed to be part of the EcfG sigma factor activation cascade in Alphaproteobacteria, the nature of inducing signals and how they would be perceived by these proteins are still unknown. Strikingly, although EcfG sigma factors generally are activated by numerous stress conditions, only a limited number of proteins appear to control each transduction cascade in wild-type situations (Fig. 1A) . Even more surprisingly, these proteins carry variable motifs in their putative N-terminal sensor domains and do or do not contain putative transmembrane domains, which suggests they could be located in different cell compartments, i.e., the membrane (PhyK, SMc00322, and PhyP) or the cytoplasm (RsiC and LovK) (28) . Although they remain to be experimentally tested, these observations suggest that these proteins could each perceive a different signal, possibly of different origins. Therefore, these proteins probably are not the primary sensors of environmental cues, and additional actors likely are involved in stress perception and control of the kinase/phosphatase activities. A challenge for the future will be to identify these actors in order to understand how the systems are able to integrate multiple environmental changes.
